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Summary 

New fluorescent probes of  membrane mobil i ty can be introduced into cell 
membranes at single points with particles of  a membrane mobili ty agent, A~C. 
The initial entry of fluorescence from the particle into the cell membrane and 
the subsequent lateral spread of  fluorescence have been observed for cells in 
suspension. A dramatic difference between the behavior of normal 
lymphocytes  and that  of  mitogen-transformed and mas tocy toma cells is found. 
Both the initial entry and the spreading of fluorescence are much slower in the 
t ransformed and tumor  cells than in the normal cells at 18°C. Entry and spread 
of  fluorescence in normal cells become slow enough to be observed only at 
12°C or below. 

In t roduct ion  

The membrane mobili ty agent A2C (see formula) [1] promotes  cell fusion 
[2] as well as the lateral mobil i ty of wheat germ agglutinin • membrane com- 
ponent  complexes in mas tocy toma cell membranes (i.e., cap format ion at the 
expense of agglutination) [3]. In order to study the interaction of  the mobili ty 
agents with the cell membrane we have recently developed new fluorescent 
membrane probes, as fluorescent probes of mobili ty in membranes (formula 
below). The use of probe-loaded mobili ty agent allows a direct view of the 
entry and spread of  the mobili ty agent into cell membranes [4].  

We have utilized F20C as a probe for comparing the behavior of normal, 
mitogen-transformed and malignant cell membranes and can now report  that  
there is a substantial difference at certain temperatures in the speed with which 

• A d d r e s s  1 9 7 7 - - 1 9 7 8 :  D e p t .  o f  M e d i c i n e  B - 0 9 2 ,  U n i v e r s i t y  o f  C a l i f o r n i a ,  S a n  Diego ,  L a J o l l a ,  Cal i f .  

9 2 0 9 3 ,  U .S .A .  
• * A d d r e s s  1 9 7 7 - - 1 9 7 8 :  Dep t .  o f  C h e m i s t r y  D*006 .  U n i v e r s i t y  o f  C a l i f o r n i a ,  San  D i e g o ,  La  J o l l a ,  

Cal i f .  9 2 0 9 3 ,  U . S . A .  
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the probe spreads through the cell membranes, the spread being much faster in 
the normal cell than in malignant or mitogen-transformed cell membranes at 
18°C. Only upon lowering the temperature from 18°C to below 12°C did a 
decrease in the lateral diffusion rate of fluorescent probe in normal cell 
membranes become apparent. 

Thus, membrane component mobility and intrinsic fluidity may not be 
greater for malignant cells than for normal ceils [5--9]. 

Materials and Methods 

The cells used included: (a)Thymus-derived lymphocytes  of normal 4--6- 
week-old C57 B1/6 mice. (b) Mitogen-treated thymocytes  (hereafter referred to 
as transformed) and untreated thymocytes :  thymus-derived lymphocytes  were 
placed in tissue culture medium RPMI-1640, supplemented with 5% horse 
serum and 10 -s M 2-mercaptoethanol with and wi thout  staphylococcal entero- 
toxin B (SEB, 10 ~g/ml) as transforming agent [10].  Cells were used after 72 h 
in tissue culture, at which time the sample treated with SEB contained approx. 
60--75% blasts. ( c )Mas tocy toma  cells (line P-815-X2) grown in Dulbeeco's  
modified Eagle medium, supplemented with 10% horse serum [11]. Cells were 
used at the end of  the log-phase growth (beginning of  stationary phase), usually 
at approx. 72 h after transferring 10 s cells/ml to fresh medium. Cells were 
washed in phosphate-buffered saline and resuspended to a concentrat ion of  
4--6 • 106 cells/ml. 

F20C was synthesized by the general procedure of  Coons and Kaplan [37] as 
modified by Steinbach [38] from 5-isothiocyanatofluorescein and the C20- 
amine derived from methyl  dihydrosterculate by straightforward organic 
procedures (Kosower,  E.M. and Iny, G., unpublished results). 

A:C (available from Makor Ltd., P.O. Box 6570, Jerusalem, Israel), was 
added to a methanol  solution of  F20C, the methanol evaporated by a stream of 
nitrogen, and the residue dispersed in saline by sonication for 15--30 s. The dis- 
persion was then added to the cell suspensions (usually in equal volumes) and 
the mixture maintained at various temperatures. Aliquots were removed at 
intervals for viewing and photography at appropriate temperatures using a 
Zeiss microscope equipped with a high-intensity mercury lamp for incident 
light excitation of  fluorescence. 

Results and Discussion 

Suspensions of  A~C-F20C, prepared as described above contain fluorescent 
particles with sizes between 0.4 and 1.6 pm in diameter. The interaction of 
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the particles with cell membranes comprises of four observable steps: (1) 
approach of  the particles to the cell, (2) contact  and sticking of  the particle 
to the cell, (3) local entry of fluorescence from the particle into the cell mem- 
brane, and (4)lateral  spread of fluorescent compound  throughout  the cell 
membrane.  (A more detailed analysis of the steps involved in the interaction 
of membrane mobili ty agent particles with cells is discussed elsewhere [39].) 
The length of time required for the above steps is dependent  upon cell type and 
temperature.  Our results for a number  of cell types are illustrated in Figs. 1--3. 

For all of the cell types, the time for the overall process (the time from the 
addition of  reagent to the cell suspension until fluorescence has spread 
throughout  the whole of the cell membrane) at 37°C is between 60  and 120 s, 
with much of that period required for the approach of the particle to the cell. 
The following steps, sticking, initial entry and lateral diffusion through the 

Fig.  1. N o r m a l  m o u s e  t h y m o c y t e s  t r e a t e d  w i t h  A 2 C - F 2 0 C .  L y m p h o c y t e  su spens ions  (4 • 106 ce l l s /ml  
b u f f e r )  were  m i x e d  w i t h  an equa l  v o l u m e  of  an A 2 C - F 2 0 C  suspe ns ion  ( the  A 2 C - F 2 0 C  s u s p e n s i o n  con-  
t a ined  1.2 p m o l  A2C and  1 .25  n m o l  F 2 O C / m l  i so ton ic  saline. F o r  de ta i l s  o f  p r e p a r a t i o n  of  suspens ion  
and  of  cells see Mater ia l s  and  M e t h o d s ) .  The  c o m b i n e d  su s pe ns ion  was  p laced  at  37°C w i t h o u t  shak ing .  
a ,b:  F ie lds  were  P h o t o g r a p h e d  60  s a f t e r  m i x i n g ,  f i rs t  to  exh ib i t  f l uo re scence ,  and  t h e n  u n d e r  o rd ina ry  
i l l u m i n a t i o n .  T w o  ful ly  f l u o r e s c e n t  cells are seen a long  w i t h  t w o  d a r k  ( n o n - f l u o r e s c e n t )  cells. A n u m b e r  
of  f l u o r e s c e n t  par t ic les  are visible in the  m e d i u m .  The  f l u o r e s c e n t  cells ca r ry  f l u o r e s c e n t  par t ic les ,  e ,d :  
F ie lds  were  p h o t o g r a p h e d  240  s a f t e r  m i x i n g ,  f i rs t  fo r  f l uo re scence ,  and  t h e n  u n d e r  o rd ina ry  i l l umina t ion .  
All cells are ful ly  f l uo re scen t  and  car ry  f l u o r e s c e n t  par t ic les .  M a n y  f l uo re scen t  par t ic les  are visible in th is  
f ield.  
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whole membrane, transpire within 1 s or less. Hardly a cell is seen to which 
fluorescent particles are stuck without  that  cell being fluorescent; at any given 
time, the cells under observation are either not fluorescent or are completely 
fluorescent. (Fig. 1). In a few cases, we observed the approach of a fluorescent 
particle to a 'dark' cell, contact,  and then a burst of fluorescence which 
' instantaneously'  engulfed the whole membrane. 

Approach and sticking of particles to all cells are somewhat slower at 
temperatures lower than 37°C. At 16--18°C, it takes about 2--3 min before 
appreciable numbers of particles are found in contact  with cells, while at 10-- 
12°C, 3--5 minutes are needed for the same distribution to be observed. 

For normal mouse thymus derived lymphocytes,  at 18°C some cells could be 
seen with fluorescent particles attached to them for about 1 min without  the 
cells being fluorescent, so that  the steps of sticking and entry are slower at 
18°C than at 25°C. Once entry had occurred, the fluorescence spread through 
the cell at 18°C was fast and not  distinguishable from that  seen at 25°C or 
37°C. "Bursts" of fluorescence, when seen, spread throughout  the membrane 
within 1 s or less. At lower temperatures (10--12°C), dark cells carrying 
fluorescent particles could be seen for several minutes before the fluorescence 
spread through the membrane, a spread which was slow in comparison with 
that  seen at higher temperatures, and requiring up to 60 s for completion, too 
rapid for photography of partially fluorescent lymphocytes.  Only if the 
lymphocytes  were maintained at a temperature of 5--6°C was the spread of 
fluorescence slow enough (approx. 300 s for completion) to make photography 
possible. If the lymphocytes were kept at 1--2°C, fluorescent particles were 
seen attached to cells but neither spreading nor local membrane fluorescence 
was noted. Thus, an observable change in the rate of spread of the fluorescence 
probe occurs at a temperature near 12°C for the normal lymphocyte ,  but the 
process is still fast at 5°C. 

Mitogen-transformed tymphocytes behaved rather differently from normal 
cells at 18°C. Particles stuck to cells could easily be observed for several 
minutes. More important,  fluorescence spread through the membrane of the 
transformed cell was much slower than seen in the normal cells, requiring 
approx. 600 s for completion. Samples viewed during that  time revealed 
partially fluorescent cells as illustrated in Fig. 2. Non-transformed thymocytes ,  
after 72 h in tissue culture, behaved like freshly isolated cells, exhibiting rapid 
fluorescence spread at 18°C. 

In the case of malignant mastocytoma cells treated at 21 or 24°C, the time 
required for local entry was slightly longer than that  needed at 37°C (approx. 
90--120 s), but the spread of fluorescence throughout  the cell membrane was 
not distinguishable from that  seen at 37°C (approx. 1 s). At 18°C, however, 
the malignant mastocytoma cells behaved like the transformed thymocytes:  
following at tachment  of the fluorescent particles to cell membranes, the bright 
particles could be seen stuck to 'dark' cells for 300--400 s before the entry of 
fluorescence into the cell membrane. Once lateral diffusion had begun, it 
required approx. 600 s for completion so that  partially fluorescent cells could 
be photographed. A series showing the gradual spread of fluorescence through 
the mastocytoma cell membrane is given in Fig. 3. At 15°C, fluorescent 
particles can be seen on the dark mastocytoma cells for approx. 600 s; 
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Fig.  2. T r a n s f o r m e d  m o u s e  t h y m u s - d e r i v e d  l y m p h o c y t e s  t r e a t e d  wi th  A 2 C - F 2 0 C  suspens ion .  (See legend 

to Fig .  1 fo r  q u a n t i t i e s ,  Mater ia l s  and  M e t h o d s  fo r  t r a n s f o r m a t i o n  of  cells and  deta i ls  o f  p r e p a r a t i o n ) .  
T e m p e r a t u r e :  18°C. A p p r o x .  6 0 0  s a f t e r  m i x i n g ,  a cell was  p h o t o g r a p h e d  u n d e r  f l uo re scence  exc i t i ng  l ight  

and  t h e n  u n d e r  o r d i n a r y  i l l umina t i on .  A f l u o r e s e e n t  par t ic le  is seen a t t a c h e d  to the  b las t  cell and  the 

m e m b r a n e  is par t ia l ly  f l uo re scen t .  T w o  f l u o r e s c e n t  pa r t i c les  are also visible in the  m e d i u m .  

subsequently,  the initial stages of  entry of fluorescence could be seen over a 
period of approx. 200 s and lateral diffusion throughout  the cell membrane 
required approx. 1200 s for  completion.  Cells maintained at lower tempera- 
tures (11--12°C) showed at tached particles but  no local entry or spread of 
fluorescence were seen. In addition, the particles were not  firmly attached 
to the cells as manifested by apparent  mot ion  of  the particles or loss of the 
particles from cells with which they had been associated, a loss not  seen at 
higher temperatures.  Cells maintained at 11--12°C or at lower temperatures 
could be warmed to 37°C after  contac t  between particles and cells had been 
established with a resultant instantaneous spread of fluorescence throughout  
the cell membrane,  similar to that  seen m cells for  which the whole procedure 
has been carried through at 37°C. Thus, for  malignant mas tocy toma cells, a 
sharp change in the rate of entry and lateral spread of a f luorescent probe 
through the cell membrane occurs at a temperature  between 18 and 21°C. 

Pre-incubation of  the cells with 10 mM sodium azide had no effect  on any 
of the subsequent behavior observed after the addition of  A2C-F20C. The time 
for the spread of fluorescence at various temperatures  is summarized in Fig. 4. 

Our experiments show how readily the entry of an agent into the cell mem- 
brane can be seen with the aid of probe-loaded membrane mobili ty agent. The 
fluorescence is not  seen inside the cells under the conditions we have used un- 
less the cell is injured, in which case a very bright total  fluorescence of  the cell 
is observed. 

The most  probable mechanism for the entry of the particle contents  into the 
cell membrane is via fusion of  the particle with the membrane [39].  In human 
red cells, A2C t rea tment  leads to cup format ion (Kosower, N.S., Kosower, 
E.M., Wegman, P. and Zipser, J., unpublished results). Sheetz and Singer have 
proposed [12] that  reagents which give rise to cup formation in ery throcytes  
are distributed within the bilayer membrane in an asymmetric fashion with 
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F i g .  3 .  M a s t o c y t o m a  ce l l s  m i x e d  w i t h  A 2 C - F 2 0 C  s u s p e n s i o n  a t  1 8 ° C .  ( S e e  l e g e n d  t o  F ig .  1 f o r  q u a n t i t i e s ,  
a n d  f o r  d e t a i l s  o n  ce l l s  a n d  o n  p r e p a r a t i o n  o f  s u s p e n s i o n ,  s ee  M a t e r i a l s  a n d  M e t h o d ) .  a :  A p p r o x i m a t e l y  
3 0 0  s a f t e r  m i x i n g .  A f l u o r e s c e n t  p a r t i c l e  is  a t t a c h e d  t o  a ce l l ,  b u t  l i t t l e  o r  n o  f l u o r e s c e n c e  h a s  e n t e r e d  
t h e  cel l  m e m b r a n e ,  b :  A p p r o x i m a t e l y  4 6 0  s a f t e r  m i x i n g .  A f l u o r e s c e n t  p a r t i c l e  is  a t t a c h e d  t o  a cel l  
m e m b r a n e  a n d  f l u o r e s c e n c e  h a s  s p r e a d  f o r  a s m a l l  d i s t a n c e  i n t o  t h e  m e m b r a n e ,  c , d :  A p p r o x i m a t e l y  6 0 0  s 
a f t e r  m i x i n g .  A f l u o r e s c e n t  p a r t i c l e  is a t t a c h e d  t o  t h e  cel l  m e m b r a n e ,  a n d  f l u o r e s c e n c e  h a s  s p r e a d  a r o u n d  
a b o u t  o n e - t h i r d  o f  t h e  m e m b r a n e ,  e :  A p p r o x i m a t e l y  6 0 0  s a f t e r  m i x i n g .  T w o  f l u o r e s c e n t  p a r t i c l e s  a r e  
a t t a c h e d  t o  a cel l  m e m b r a n e  a n d  f l u o r e s c e n c e  h a s  s p r e a d  t h r o u g h  p a r t  o f  t h e  cel l  m e m b r a n e ,  f :  A p p r o x i -  
m a t e l y  9 6 0  s a f t e r  m i x i n g .  A p a r t i c l e  is  a t t a c h e d  t o  t h e  ce l l .  T h e  w h o l e  cel l  m e m b r a n e  is  f l u o r e s c e n t .  
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S P R E A D  O F  F L U O R E S C E N C E  
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Fig .  4. S p r e a d  o f  f l u o r e s c e n c e  i n  m e m b r a n e s  o f  n o r m a l  l y m p h o c y t e s ,  t r a n s f o r m e d  l y m p h o c y t e s  a n d  

m a s t o c y t o m a  cel ls .  T he  s p r e a d i n g  t i m e  f o r  f l u o r e s c e n c e  a t  d i f f e r e n t  t e m p e r a t u r e s  in  v a r i o u s  ce l l  t y p e s  is 

s u m m a r i z e d  in  t h i s  f i gu re .  The  v a r i a t i o n  in  o b s e r v e d  s p r e a d i n g  t i m e s  is i n d i c a t e d  by  t he  m a r k e d  areas .  

preference for the inner portion of the bilayer. One might then suggest that 
A~C is initially delivered to the membrane bilayer with some preference for the 
inner portion, but the distribution of F20C is less certain and awaits further 
investigation. 

The present experiments demonstrate a dramatic difference between the 
behavior of normal lymphocytes on the one hand and that  of mitogen- 
transformed thymocytes  and the malignant mastocytoma cells on the other, 
with respect to the entry and lateral spread of a lipid-like reagent. Normal 
thymocytes  exhibit a rapid lateral spread of F20C within the membrane at 
temperatures above 12~C, 1 s or less being the time needed for the membranes 
to become fully fluorescent. Only at 12°C or lower is the spread of fluorescence 
slow enough to be observed. Transformed thymocytes  and mastocytoma cells, 
in contrast, show neither entry nor spread of fluorescence at 12°C or below, 
while at 18°C, the lateral spread is slow enough to be observed and 
photographed. In fact, the lateral spread at 18°C in transformed and malignant 
cells of the types we have used is slower than the lateral spread of fluorescence 
within normal thymocyte  membranes at 6°C. The difference in the observed 
times for the two classes of cell membranes may be as much as a factor of 1000 
at 18°C. 

Since the difference between the two classes is apparently small at 25 or 
37°C, we must conclude tha t  a high temperature factor for lateral diffusion 
through membranes is operative, and is more evident in the case of the trans- 
formed and malignant cell membranes. (Rates of spin-labeled phospholipid 
diffusion through cell membranes or lipid bilayers [13,14] imply that  the time 
for small molecule spread through a cell membrane would be of the order of 
I s at 37°C). Since such a high temperature factor would not  be expected for 
diffusion through a purely lipid bilayer over the range from 18--25°C, we may 
infer that  other membrane constituents can exert a strong influence on the 
entry from particles into the membrane and the lateral spread through the 
membrane of  lipid-like molecules. The nature of these constituents is not  clear 
at the moment ,  but may include intramembranous protein particles [15--17], 
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submembrane (cytoskeleton) structures [18--23] or superficial structures, like 
villi [23--26].  Whatever the precise origin or nature of  what we may call the 
barrier to entry and lateral movement ,  the differences we have found point  to 
some types of malignant (and blast) cells having a more 'rigid' membrane that 
that  of  a normal, non-dividing, 'resting' cell. In the past, conclusions that a 
higher 'f luidity'  and componen t  mobili ty were operative in malignant cell 
membranes have been presented [27--29] but  recent studies have questioned 
the general validity of  these assertions [5--9]. The slower spread of F20C 
through the cell membrane of  malignant cells might be due to the enhanced 
affinity of  the probe for protein components  of the cell membrane or to a 
lateral phase separation in which the probe resides in the more highly organized 
component  of the bilayer. Both the precise mechanism of probe entry into the 
membrane and the detailed reasons for different spreading rates in different cell 
membranes are promising problems which should be further explored. 

Various means have been utilized to study the lateral movement  of  proteins 
and lipids in artificial and natural membranes, including fluorescence of 
modified proteins [30--33],  electron spin resonance of  spin-labeled phospho- 
lipids [14],  excimer formation from pyrene [34,35] and quenching of 
fluorescence by added molecules (anesthetics) [36]. The use of the A2C-F20C 
combinat ion permits for the first time a simple, visual way for observing the 
spread of  lipid-like molecules through cell membranes. It is interesting that the 
apparent diffusion constant  for F20C in the presence of membrane mobili ty 
agent AzC within the membrane is > 5 . 1 0  -s cmZ/s at 37°C, a value greater 
than that for phospholipids but  not  unreasonable in view of the single alkyl 
chain of F20C and the bilayer "f luidi ty"  promoted by A2C. The lipophilic 
character of  F20C would suggest residence in and diffusion through the bilayer, 
but  a "hopping"  mechanism (a jump into the water layer surrounding the cell, 
rapid diffusion and return to the bilayer) is not  excluded. 

Further studies on the modulat ion of reagent entry and spread in the 
presence of other agents appear to be practical and should provide further 
insight into the behavior of cell membranes. 
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